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Abstract
Peatlands and forests cover large areas of the boreal biome and are critical for global climate
regulation. They also regulate regional climate through heat and water vapour exchange with the
atmosphere. Understanding how land-atmosphere interactions in peatlands differ from forests
may therefore be crucial for modelling boreal climate system dynamics and for assessing climate
benefits of peatland conservation and restoration. To assess the biophysical impacts of peatlands
and forests on peak growing season air temperature and humidity, we analysed surface energy
fluxes and albedo from 35 peatlands and 37 evergreen needleleaf forests—the dominant boreal
forest type—and simulated air temperature and vapour pressure deficit (VPD) over hypothetical
homogeneous peatland and forest landscapes. We ran an evapotranspiration model using land
surface parameters derived from energy flux observations and coupled an analytical solution for
the surface energy balance to an atmospheric boundary layer (ABL) model. We found that
peatlands, compared to forests, are characterized by higher growing season albedo, lower
aerodynamic conductance, and higher surface conductance for an equivalent VPD. This
combination of peatland surface properties results in a∼20% decrease in afternoon ABL height, a
cooling (from 1.7 to 2.5 ◦C) in afternoon air temperatures, and a decrease in afternoon VPD (from
0.4 to 0.7 kPa) for peatland landscapes compared to forest landscapes. These biophysical climate
impacts of peatlands are most pronounced at lower latitudes (∼45◦N) and decrease toward the
northern limit of the boreal biome (∼70◦N). Thus, boreal peatlands have the potential to mitigate
the effect of regional climate warming during the growing season. The biophysical climate
mitigation potential of peatlands needs to be accounted for when projecting the future climate of
the boreal biome, when assessing the climate benefits of conserving pristine boreal peatlands, and
when restoring peatlands that have experienced peatland drainage and mining.
1. Introduction
Peatlands are found throughout the boreal biome and
cover about 15% of the boreal land area (Xu et al
2018). In some boreal regions such as the Hudson
Bay Lowlands and the Western Siberian Lowlands,
peatlands cover close to 100% of the land surface
(figure 1). Nevertheless, current Earth system mod-
els do not specifically account for peatlands as a plant
functional type and simulate the boreal biome as a
forest ecosystem (e.g. Poulter et al 2011). The lack of
peatlands in global climate simulations could there-
fore lead to biases in regional climate projections for
the boreal biome (Helbig et al 2020).
Peatlands north of 45◦N store about 500 Gt of
belowground carbon (Loisel et al 2014), which is
about half of the carbon currently stored in the
atmosphere (Friedlingstein et al 2019). With over
300 000 km2 of boreal and temperate peatlands
(∼10% of total boreal and temperate peatland area)
having been mined or drained for agriculture and
forestry (Xu et al 2018, Günther et al 2020), the loss
of pristine peatlands (Chapman et al 2003, Turunen
2008, Rooney et al 2012) is not being balanced
by the restoration of degraded peatlands (Chimner
et al 2017). The drained peatland area in the boreal
zone amounts to only about 40% of the drained
peatland area in the temperate zone (Günther et al
2020) with vast areas of boreal peatlands still being
intact. Draining intact peatlands likely has implica-
tions for the global climate (Leifeld and Menichetti
2018) as peatlands exert a biogeochemical cooling
effect through their long-term sequestration of car-
bon dioxide (Frolking and Roulet 2007) while the
drainage of peatlands leads to emissions of century to
millennial old carbon. In addition, biophysical land
surface properties of peatlands related to the reflec-
tion of solar radiation (i.e. albedo), the transport
of heat between land and atmosphere (i.e. aerody-
namic conductance), and the ability of the land sur-
face to transfer water vapor to the atmosphere (i.e.
surface conductance) have the potential to alter local
to regional climates through their impacts on the land
surface energy balance (Helbig et al 2016b, Hemes
et al 2018, Alekseychik et al 2018, Worrall et al 2019).
Peatlands are usually characterised by high evapo-
transpiration rates during the growing season if the
water table depth remains close to the surface (Lafleur
et al 2005), i.e. partitioning more available energy
into latent heat (i.e. water vapor) than into sens-
ible heat (Lafleur 2008). In contrast, boreal needleleaf
forests usually partition more available energy into
2
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Figure 1. Location of eddy covariance flux tower sites and peatland coverage across the boreal biome (data from Xu et al (2018)).
sensible heat than into latent heat (Baldocchi et al
2000). However, long-term lowering of the water
table (e.g. through drainage) in peatlands has been
shown to result in a reduction of evapotranspira-
tion and an increase in the partitioning of available
energy to latent heat (Moore et al 2013). Using a pan-
boreal evapotranspiration dataset, Helbig et al (2020)
have shown that growing season evapotranspiration
in boreal peatlands is higher than in boreal forests
mainly due to higher surface conductance of peat-
lands. How such differences in land surface prop-
erties and surface energy fluxes may alter regional
climates in the boreal biome remains uncertain. As
such, to assess the net climate mitigation potential
of peatlands, both the biogeochemical and biophys-
ical impacts need to be considered since biophys-
ical climate impacts can either amplify or attenuate
the magnitude of climate warming regionally (Pielke
et al 2002).
Studies on biophysical climate impacts in the
boreal biome have commonly focussed on albedo for-
cing during the snow cover period (e.g. Betts 2000,
Anderson et al 2011). However, growing season cli-
mate is particularly relevantwhen assessing ecological
impacts of climate change caused by heat and drought
stress (e.g. Way et al 2013). Vegetation productivity
and evapotranspiration (ET, i.e. sum of evaporation
and plant transpiration) is largest during the growing
season with air temperature (e.g. Mäkelä et al 2006)
and atmospheric water demand (e.g. Novick et al
2016) partly regulating plant productivity. During the
growing season, drought stress associated with high
vapour pressure deficit (VPD) can lead to increased
tree mortality and in some cases to vegetation shifts
(e.g. Will et al 2013, Trugman et al 2018). In a warm-
ing climate, biophysical impacts of vegetation on local
to regional climate may have the potential to create
refugia for animals and plants, which are not adap-
ted to heat and drought stress (Ackerly et al 2010, De
Frenne et al 2013).
Here, we address the question whether peatland-
specific biophysical land surface properties have the
potential to mitigate climate warming regionally by
creating cooler (i.e. lower air temperature) and more
humid (i.e. lower VPD) growing season climates
compared to boreal forests. We analysed sensible and
latent heat flux observations from boreal peatlands
and forests made with the eddy covariance (EC) tech-
nique at 72 sites and surface albedo measurements
obtained from satellite-based remote sensing across
the boreal biome to derive land surface character-
istics for both ecosystem types. Then, we used a
coupled surface-atmosphere modelling experiment
to quantify the potential impact of peatlands on peak
growing season air temperature and VPD.
2. Methods
2.1. Study sites
In this study, we usedmulti-year clear-sky peak grow-
ing season sensible and latent heat flux data and ancil-
lary meteorological observations from 72 EC flux
tower sites across the boreal biome as delineated by
Olson et al (2001) (figure 1). The sites comprised
of 35 peatlands (154 site years) that were not sub-
ject to anthropogenic disturbance and 37 managed
and pristine evergreen needleleaf forest sites (239
site years). Forest sites have not been impacted by
wildfire or insect disturbances or by clear-cutting
for at least 30 years prior to the beginning of flux
measurements. Percent tree cover (from the Moder-
ate Resolution Imaging Spectroradiometer [MODIS]
Vegetation Continuous Fields tree cover MOD44B
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product, 2000–2018) was about 50% lower in peat-
lands (21%± 14%) than in forests (57%± 14%). The
median latitudinal location of all peatland and forest
sites was 56◦N± 7◦ and 61◦N± 6◦, respectively, and
was not significantly different (Wilcoxon rank sum
test, p = 0.18). Evergreen needleleaf forests repres-
ent the most prevalent boreal forest type in North
America (Gauthier et al 2015) and in northernEurope
(Esseen et al 1997). Only observations for the month
of July, which coincides with peak ET rates at most
boreal sites (see Helbig et al 2020), were used for the
coupled surface-atmosphere modelling experiment.
Further details about the sites can be found in Tab.
S1 and in Helbig et al (2020).
2.2. Derivation of surface properties
The exchanges of sensible heat and water vapour
between land surface and atmosphere are controlled
by atmospheric forcing (e.g. radiation, VPD) and
by land surface characteristics (e.g. albedo, aerody-
namic and surface conductance). Here, we derived
and compared three biophysical land surface proper-
ties from remote sensing observations and from EC
measurements for peatland and forest ecosystems: (1)
albedo (α) determines how much incoming short-
wave radiation is reflected back by the land surface
and thus partly controls available energy (e.g. Bonan
2008), (2) aerodynamic conductance (ga, m s−1) con-
trols the transport of sensible and latent heat into the
atmosphere (e.g. Raupach 1995), and (3) surface con-
ductance (including canopy and soil conductance; gs,
m s−1) regulates the transport of water vapour from
the land surface (i.e. through stomata, moss surfaces,
or soil) to the atmosphere (e.g. Schulze et al 1995).
2.2.1. Albedo
Mean July (white-sky) albedo (2000–2018, approx-
imately 10:30 local time) was taken for all flux tower
sites from the MODIS MCD43A3 Version 6 Albedo
Model dataset (Schaaf and Wang 2015) since obser-
vations of incoming and outgoing shortwave radi-
ation were not available for all sites. The spatial and
temporal resolution of MCD43A3 is 500 m and
daily, respectively. Pixels covering the flux tower
locations were selected using the MODIS/VIIRS
Global Subset Tool (https://modis.ornl.gov/cgi-
bin/MODIS/global/subset.pl).
2.2.2. Aerodynamic and surface conductance
Aerodynamic and surface conductance for peatlands
and forests were derived from half-hourly EC flux
data. Aerodynamic conductance was calculated using
friction velocity (u∗, m s−1) and horizontal wind
speed (U, m s−1) measurements based on work by
Verma (1989):
ga =
(
kB−1
ku∗
(
dh
dv
)2/3
+
U
u2∗
)−1
(1)
where k = 0.4 is the von Karman’s constant, dh is
the thermal diffusivity and dv is the molecular dif-
fusivity of water vapour and dh/dv is 0.89 at 20 ◦C.
In this study, we assume the excess resistance para-
meter kB−1 = 2 as in Humphreys et al (2006) and in
Baldocchi and Ma (2013). Surface conductance was
calculated by inverting the Penman-Monteith equa-
tion (Monteith 1965; see Helbig et al 2020 for more
details).
1
gs
=
(
s
γ
(
Ra
λET
− 1
)
− 1
)
g−1a +
ρ Cp VPD
γ λET
. (2)
In equation (2), γ is the psychrometric constant
(Pa K−1), s is the slope of the saturation vapour
pressure-temperature curve (Pa K−1), λ is the latent
heat of vaporization (J kg−1), ET is evapotranspir-
ation (kg m−2 s−1), λET is the observed latent heat
flux (W m−2), Ra is available energy flux (W m−2,
here the sum of observed sensible and latent heat
fluxes), ρ is air density (kg m−3), and Cp is the spe-
cific heat of air at constant pressure (J kg−1 K−1).
2.3. Coupled surface energy balance-atmospheric
boundary layer modelling
To quantify the potential biophysical impact of
peatland- and forest-specific land-atmosphere inter-
actions on growing season climate (here approxim-
ated as July climate), we applied a coupled clear-
sky surface energy balance-atmospheric boundary
layer (ABL) model (e.g. van Heerwaarden et al
2009, Baldocchi and Ma 2013). In other studies (e.g.
Baldocchi andMa 2013, Zhang et al 2020, Novick and
Katul 2020), paired-tower measurements were used
to directly quantify land use impacts on land sur-
face or air temperatures. This approach could not be
used here since measurements over co-located peat-
lands and forests are generally not available. Instead,
we set up two modelling experiments simulating the
diurnal development of mid-growing season air tem-
perature (Ta) and VPD over a hypothetical homo-
geneous peatland and a hypothetical homogeneous
forest landscape. Previous studies have used a similar
approach by replacing boreal forests with bare ground
or bare ground in the Arctic with deciduous forest in
global circulationmodels to assess land cover impacts
on climate (Bonan et al 1992, Swann et al 2010). Lat-
ent heat exchange was calculated using the Penman-
Monteith equation:
λET=
s(Rn −G)+ ρ Cp ga VPD
s+ γ
(
1+ gags
) (3)
where Rn is net radiation (W m−2) and G is soil heat
flux (Wm−2). Soil heat flux for peatlands and forests
during clear-sky days was estimated using median
measured G in July during clear-sky days from 18
peatland and 16 forest sites, where such observa-
tions were available. Clear-sky days were defined
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Figure 2. (a) Median monthly differences in midday (12 h–15 h) turbulent sensible and latent heat fluxes between evergreen
needleleaf forests and peatlands. Symbols show Wilcoxon rank sum test results (i.e. medians of peatlands and forests are different;
– [p > 0.05], ∗ [p < 0.05], ** [p < 0.01], **∗ [p < 0.001]). (b) Median monthly Bowen ratios (12 h–15 h) for evergreen needleleaf
forests and peatlands. Shaded areas show standard error and symbols show Wilcoxon rank sum test results. Bowen ratios are only
shown for months with mean daily available energy (i.e. sum of sensible and latent heat flux) >0 Wm−2. Note that the number of
sites with available sensible and latent heat flux data varies between months (peatlands: Jan [n= 9], Feb [n= 7], Mar [n= 13],
Apr [n= 22], May [n= 30], Jun [n= 34], Jul [n= 34], Aug [n= 34], Sep [n= 31], Oct [n= 25], Nov [n= 19], Dec [n= 13];
forests: Jan [n= 24], Feb [n= 26], Mar [n= 31], Apr [n= 35], May [n= 35], Jun [n= 35], Jul [n= 33], Aug [n= 35], Sep
[n= 33], Oct [n= 30], Nov [n= 30], Dec [n= 19]).
as days when measured incoming shortwave radi-
ation (SWin) steadily increased (>75% of half hours)
during the eight hours before solar noon, steadily
decreased during the eight hours after solar noon, and
dailymaximum SWin was larger than 90% of the site’s
maximum SWin in July. We identified in total 1117
and 1595 clear-sky days for July across all peatland
and forest sites, respectively.
Net radiation was calculated as follows:
Rn = (1−α) SWin + LWin − LWout (4)
where LWin is incoming longwave radiation (Wm−2),
which was calculated using the Stefan-Boltzmann
equation with Ta (k) and a clear-sky emissivity as
described in Brutsaert (1975). Outgoing longwave
radiation (LWout, W m−2) was calculated using the
Stefan-Boltzmann equation with surface temperature
(Ts, K) and an emissivity of 0.98. Incoming short-
wave radiation was calculated based on latitude and
day of year (Allen et al 2005). The surface temperat-
ure was estimated by applying a solution to the quad-
ratic equation, which defines the difference between
Ts and Ta as described in detail by Baldocchi and Ma
(2013) following Paw (1987).
Sensible heat flux was then calculated as follows:
H= Rn −G−λET (5)
where λET was calculated using equation (3). Mean
clear-sky diurnal cycles of ga for peatlands and
forests were used to compute λET. Surface con-
ductance was estimated using a multiple-constraint
function (Schulze et al 1994) derived from mean
gs responses to VPD and SWin across all peatland
and forest sites (see figure S1 available online at
stacks.iop.org/ERL/15/104004/mmedia):
gs = gsmax × f(VPD)× f(SWin) (6)
where f(VPD) is a nonlinear function accounting for
limitations imposed by atmospheric water demand
(figure S2, with g0 and g1 being best-fit parameters,
gsmax being the 97.5th percentile of gs observed at
VPD > 0.5, and gs_up being the upper boundary of gs;
see also Helbig et al 2020) given by
f(VPD) =
gs_up
gsmax
= g0 +
(
1+
g1√
VPD
)
(7)
andwhere f(SWin) is a rectangular hyperbola function
accounting for constraints imposed by light (figure
S3, with b1 and b2 being best-fit parameters) given by
f(SWin) =
gs_up
gsmax
=
b1 × b2 × SWin
b1 + b2 × SWin
. (8)
Parameters g0, g1, b1, and b2 were derived by fit-
ting f(VPD) and f(SWin) to the upper boundary line
gs_up/gsmax (Jarvis 1976, see Helbig et al (2020) for
more details). We did not include a soil moisture
function as a constraint since comparable soil mois-
ture data across the flux tower sites were not available.
Our analysis therefore focuses on differences in land-
atmosphere interactions under the assumption of
optimal site-specific water supply (Helbig et al 2020).
The growth of the ABL due to the entrainment
of warm and dry air from above the top of the
5
Environ. Res. Lett. 15 (2020) 104004 M Helbig et al
Figure 3.Mean observed diurnal variability of clear-sky (a) sensible and (b) latent heat flux for forests and peatlands in July.
Shaded areas show standard errors of the means. (c) Observed midday (12–15 h) Bowen ratio for forest and peatland sites.
ABL (i.e. capping inversion) and the input of sens-
ible heat and water vapour from the land surface
determines the diurnal development of Ta and VPD
(van Heerwaarden et al 2009). Here, we used an ABL
slab growth model to quantify the impact of land-
atmosphere interactions on Ta and VPD in the ABL
using mean land surface parameters (α, ga, and gs)
specific to peatland and forest ecosystems. Suchmod-
els assume temperature and specific humidity in the
ABL to be well-mixed and have been used to assess
how land use and cover (e.g. Bagley et al 2011, Bal-
docchi and Ma 2013) and plant responses to water
stress (e.g. Combe et al 2016) influence themean ABL
state variables Ta, VPD, and ABL height. We used
an ABL slab model as implemented in the Chemistry
Land-surface Atmosphere Soil Slab model (CLASS,
van Heerwaarden et al 2010, Vila-guerau de Arellano
et al 2015, Wouters et al 2019). The ABL slab model
was run for clear-sky conditions to simulate diurnal
daytime development of Ta and VPD between 05 h
and 19 h local time for July. In our modelling exper-
iment, we assumed that the ABL is underlain by a
homogeneous peatland or by a homogeneous forest
landscape. It should therefore be noted that the cli-
mate impacts reported here likely represent the upper
end of such effects since forests and peatlands mostly
occur as a mosaic in the boreal biome.
Initial mixed-layer potential temperature (Tp)
and specific humidity (q) (at 05 h local time)
and Tp and q lapse rates in the free atmosphere
above the ABL are required to parameterize the
ABL model. The initial atmospheric conditions
and lapse rates were kept the same for the peat-
land and forest model runs and were taken from
eight atmospheric balloon sounding sites across a
latitudinal gradient in Canada and the U.S. ranging
from 46◦ N to 68◦ N (Tab. S2). Balloon sounding
data was accessed through the Department of Atmo-
spheric Science website at the University of Wyoming
(http://weather.uwyo.edu/upperair/sounding.html).
To derive initial Tp and q and their free-atmosphere
lapse rates, we used balloon sounding data for July
(2008–2017). Initial Tp and q were taken as the lowest
level (100 m to 400 m above ground) of morning
atmospheric profiles of Tp and q (collected at 12 h
Coordinated Universal Time, i.e. 04 h–08 h local
time at the study sites). Lapse rates in the free atmo-
sphere were estimated as the slope parameter of linear
regressions of height on Tp and on q (from morning
profiles) using measurements from all levels between
1000 m and 6000 m above ground. Potential tem-
perature and q gradients in the free troposphere
depend on synoptic conditions and can influence
the diurnal development of Ta and VPD in the ABL
in addition to surface inputs of sensible heat and
water vapor fluxes (e.g. van Heerwaarden et al 2009).
Atmospheric profile data were only used when the
coefficient of determination between height and Tp
(1000 m to 6000 m) was larger than 0.9, which was
the case for 90% of all available days across all sites.
Model simulations were run for each of the eight
balloon sounding sites with peatland- and forest-
specific land surface parameterizations (α, ga, and gs)
and were forced with the ensemble of initial Tp and
q and lapse rates derived from the sounding data at
each site.
3. Results
Between February and September, median midday
sensible heat fluxes were significantly (p < 0.05)
higher for forests than for peatlands with absolute
differences of about 120 Wm−2 peaking at the end
of winter in April (figure 2(a)). Between April and
December, sensible heat flux differences decreased
continuously. Median midday latent heat fluxes were
higher for peatlands than for forests during the grow-
ing season between May and August reaching max-
imum differences of 60 to 70 Wm−2 between May
and July. Differences in energy partitioning were
reflected in significantly higher midday Bowen ratios
for forests than for peatlands between March and
September (figure 2(b)). Bowen ratios of the forests
peaked at 4.5 in late winter (March) and remained
above 1 until June, indicating the greater partition-
ing of available energy to sensible heat. Between July
6
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Figure 4. (a) Mean July albedo of peatland and forest sites derived from the MODIS MCD43A3 product. Mean diurnal variation
of (b) surface and (c) aerodynamic conductance during clear-sky days in July derived from observations at peatland and forest
sites. Shaded areas show standard errors of the means. Note y-axis scale change between (b) and (c).
and October, Bowen ratios of the forests were close
to 1, indicating equal partitioning to sensible and
latent heat. For peatlands, Bowen ratios remained
below 1 throughout the year (i.e. latent heat exceeded
sensible heat production). Bowen ratios of the peat-
lands peaked at about 0.8 in May and in October and
reached a minimum of 0.5 in July.
In July, sensible and latent heat fluxes from
forests and peatlands showed different diurnal
magnitudes during clear-sky conditions with peak
sensible heat fluxes from forests being on average
67% [±10%; ±s.e.] higher than from peatlands
(figure 3(a)) and peak latent heat fluxes from peat-
lands being 46% [±8%] higher than from forests
(figure 3(b)). In contrast, peak net radiation for
forests was only 8% [±4%] higher than that for
peatlands (figure S4), highlighting the importance
of ecosystem-specific differences in energy partition-
ing. Differences in energy partitioning led to mid-
day Bowen ratios for forests (1.06 ± 0.33; ±SD)
being twice as high as for peatlands (0.50 ± 0.24,
figure 3(c)).
Ecosystem-specific land surface properties such
as albedo and aerodynamic and surface conduct-
ances explain the observed energy flux differences.
In July, forest albedo was on average slightly lower
(1 ± 2%; ± SD) than peatland albedo (figure 4(a)).
Aerodynamically rougher forests were characterized
by consistently larger ga with maximum differences
of 3 cm s−1 (∼50%) in the early afternoon (figure
4(c)). In contrast, peatland gs was consistently higher
than forest gs, withmaximumdifferences of 3mms−1
(∼30%) in the early afternoon (figure 4(b)).
The current potential peatland cooling effect
on afternoon Ta (16 h local time) increased from
1.7 ◦C to 2.5 ◦C with decreasing latitude (from
68◦N to 46◦N) and with increasing SWin (com-
pared to forest afternoon Ta, figure 5(a)). This
potential cooling effect is of similar magnitude
to the projected ensemble-mean increase in daily
near-surface maximum Ta in July in the boreal
biome for the Representative Concentration Pathway
(RCP) 4.5 by eight Earth system models (interquart-
ile range across boreal biome: 1.4 to 2.4 ◦C
(2091–2100 vs 2006–2015), Figure S5a, see table S3
for further details). Peatlands also contributed to
more humid air with lower afternoon VPD (decrease
of 0.4 to 0.7 kPa, figure 5(b)) compared to forests. The
modelled decreases in VPD are in the same range as
the projected increase in daily near-surfacemaximum
VPD in July for the RCP8.5 (interquartile range across
boreal biome: 0.4 to 0.8 kPa,figure S5b). Like the cool-
ing effect, themoistening effect of peatlands increased
fromnorth to south.Modelled afternoonABLheights
over peatlands (2122 ± 84 m) were about 20% lower
than over forests (2655± 96 m) (figure 5(c)).
4. Discussion
4.1. Boreal land cover impacts on regional climate
Land cover and land use change have been shown
to alter local to regional climate, thereby modify-
ing the impact of global climate change regionally
(Diffenbaugh 2009, Luyssaert et al 2014, Huber et al
2014, Findell et al 2017, Zhang et al 2020). In the
boreal biome, biophysical climate cooling due to
fire disturbance, post-fire succession, deforestation,
and shifts to deciduous forests has been reported
(Bonan et al 1992, Chapin et al 2000, Randerson
et al 2006, Lee et al 2011). These cooling effects were
mainly driven by the higher albedo of non-forested
and deciduous forest ecosystems during the snow-
cover period compared to boreal conifer forests (e.g.
Thomas and Rowntree 1992) and by higher albedo
and lower Bowen ratios of deciduous forests during
the growing season (e.g. Chapin et al 2000). Sim-
ilar studies of biophysical climate impacts of boreal
peatlands are rare and have often focussed on radi-
ative (e.g. albedo) rather than non-radiative mech-
anisms (e.g. energy partitioning). For example, peat-
lands have been shown to have higher albedo than
forests during the snowcover and growing season
7
Environ. Res. Lett. 15 (2020) 104004 M Helbig et al
Figure 5. Violin plots showing the magnitude and distribution of modelled differences in afternoon (a) air temperature (∆Ta),
(b) vapour pressure deficit (∆VPD), (c) and atmospheric boundary layer height (∆h) between peatland and forest landscapes.
Solid horizontal lines show mean differences. Site names of balloon sounding observatories are shown above the top panel.
period with the strongest impacts on surface energy
fluxes during the spring when incoming radiation
is high (Chapin et al 2000, Vygodskaya et al 2007).
Similarly, we show that peatland albedo is higher
than forest albedo during the growing season across
a range of boreal peatlands. However, both peatland
and forest albedo can vary widely across the boreal
biome due to factors such as vegetation composition
(e.g. presence of highly reflective lichen; Petzold and
Rencz (1975)), tree cover (Kuusinen et al 2016), and
forest age (Kuusinen et al 2014).
Non-radiative effects on local and regional cli-
mates often exceed the radiative effects of albedo dif-
ferences (Pielke et al 2002, Bright et al 2017). Similar
to our study, Baldocchi et al (2000) and Helbig et al
2016b) have shown that boreal conifer forests in west-
ernNorth America produce higher sensible and lower
latent heat fluxes than peatlands during the grow-
ing season resulting in deep ABLs over conifer forests
(Pielke and Vidale 1995, Betts et al 2001). Here, we
have demonstrated that the difference in ecosystem-
specific energy partitioning of boreal peatlands and
forests can cause regionally cooler growing season air
temperatures and lower atmospheric water demand
(i.e. lower VPD). In peatland-dominated boreal land-
scapes, biophysical climate impacts of peatlands can
be of similar magnitude than projected increases
in air temperature and atmospheric water demand
(figure S5). However, in this study, we focus on peat-
land impacts on growing season clear-sky Ta and
VPD, which likely represent the upper bound of cli-
mate impacts. Available energy flux is lower on cloudy
days with lower SWin when differences in energy par-
titioning likely have less impact onTa and VPD (Betts
et al 2014). Accounting for cloud interactions inmore
complex ABL models in future studies would allow
the quantification of climate impacts under a wider
range of atmospheric conditions.
4.2. Forest disturbance impacts on regional climate
in the boreal biome
Mature forests— as analyzed in this study—are the
most prevalent forest type in the boreal biome. For
example, Stinson et al (2011) estimate that about two
thirds of Canada’s managed forest lands has a stand
age of 60 years or more. However, a substantial frac-
tion of the boreal forest is affected by disturbances
such as wildfires, insect outbreaks, and logging (e.g.
Haeussler et al 2002, Seidl et al 2017). The early post-
disturbance succession is often dominated by shrub-
lands and deciduous-broadleaf dominated forests,
while the late succession stages are usually dominated
by deciduous and evergreen needleleaf forests (Amiro
et al 2010). Albedo and energy partitioning can vary
widely between these forest types with mature ever-
green needleleaf forests usually featuring lower albedo
and higher Bowen ratios (Chapin et al 2000, Rander-
son et al 2006, Amiro et al 2006). Thus, forest types
other than mature evergreen needleleaf forests likely
add to the biophysical cooling effect of peatlands as
reported in this study.
Thawing permafrost represents another import-
ant disturbance mechanism in the boreal forest (e.g.
Osterkamp et al 2000, Helbig et al 2016a, Carpino
et al 2018). In ice-rich permafrost landscapes, thaw-
ing has been shown to lead to an expansion of treeless
peatlands at the expense of boreal forests (Carpino
et al 2018) exerting a regional climate cooling and
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wetting effect (Helbig et al 2016b). Climate change
is expected to further increase the occurrence of dis-
turbance events in the boreal biome (Seidl et al 2017),
leading to potentially even larger biophysical climate
impacts.
4.3. Land cover impacts on the atmospheric water
cycle and teleconnections
Differences in Ta and VPD between forests and peat-
lands cause lower lifting condensation levels in peat-
lands (i.e. height at which an air parcel becomes sat-
urated) and lower Bowen ratios in peatlands lead to
reduced ABL growth. Consequently, different peat-
land and forest impacts on cloud cover and pre-
cipitation patterns can be expected (e.g. Juang et al
2007). For example, decreasing Bowen ratios have
been shown to influence cloud development (e.g.
Gentine et al 2013) and convective precipitation
dynamics (e.g. Gerken et al 2018). When a peatland
parameterization was added to a regional weather
prediction model, Yurova et al (2014) observed an
increase in cloud cover for the peatland-dominated
Western Siberian Lowlands. The biophysical climate
impacts of peatlands may additionally contribute to
the climate of remote areas through ecoclimatic tele-
connections (i.e. propagation via atmospheric cir-
culation; Swann et al 2012, Stark et al 2016). We
therefore expect peatlands to not only affect Ta and
VPD regionally, but also cloud cover and precipita-
tion patterns (Yurova et al 2014) and climates across
the continent (e.g. Stark et al 2016). However, only
coupled Earth system model simulations are capable
of quantifying these dynamic land-atmosphere feed-
backs (e.g. Laguë et al 2019). Improved representation
of peatlands in regional- and global-scale Earth sys-
temmodels is therefore necessary to fully understand
the role of peatlands in regional and global climate
systems (Helbig et al 2020).
4.4. Boreal landscapes as a mosaic of land cover
types
Many boreal landscapes are characterized by small-
scale patchiness (<1 km) in land cover types. Hetero-
geneous land cover leads to spatially variable albedo
(e.g. Chen et al 2019) and surface energy fluxes (e.g.
Starkenburg et al 2015). The heterogeneous structure
of sensible and latent heat fluxes leads to the devel-
opment of mesoscale atmospheric circulation (e.g.
Mauder et al 2007, Eder et al 2015). As a result, air
is mixed between forest, peatland, and lake patches
leading to homogenization of daytime ABL depth
over these landscapes. However, ABL growth has been
shown to bemainly driven by large sensible heat input
from conifer forests (Betts et al 2001). Within the
ABL, the lateral advection of warm and dry air (e.g.
from conifer forests) can enhance evapotranspira-
tion fromwell-watered surfaces (such as peatlands) as
shown by Baldocchi et al (2016) for rice paddies and
by Petrone et al (2007) for boreal riparian pond com-
plexes. In this study, we assume spatial homogeneity
in land cover types for our modelling experiments.
Some regions such as the Hudson Bay Lowlands and
the Western Siberian Lowlands are characterized by
extensive peatland coverage. However, the absolute
magnitude of the peatland cooling and moistening
effect reported in this study is likely modified by the
mosaic nature of most other boreal landscapes. How
spatial heterogeneity affects land surface and ABL
conditions depends mainly on the scale, patchiness,
and spatial structure of individual land cover types
(Mahrt 2000, Li and Wang 2019) and therefore will
vary between boreal landscapes. The spatial hetero-
geneity and structure of land cover types therefore
needs to be accounted for when quantifying the abso-
lute biophysical climate mitigation impact of peat-
lands for different boreal landscapes. Such impacts
can be quantified using large eddy simulations of
land-atmosphere interactions (e.g. Albertson et al
2001, Huang and Margulis 2010).
4.5. Implications for landmanagement
Our study highlights the need to include estimates for
the biophysical climate mitigation potential of peat-
lands in cost-benefit assessments of peatland restor-
ation. Recent studies have advocated for global-scale
tree restoration including reforestation in the boreal
biome since increased tree coverage can contribute to
climate change mitigation through enhanced carbon
sequestration (Bastin et al 2019). Boreal peatlands
have been drained across the boreal biome for forestry
(Laine et al 1995) and the related afforestation of
boreal peatlands has indeed likely led to an increase
in carbon sequestration (Minkkinen et al 2002, Lohila
et al 2010).However, our study shows that boreal con-
ifer forests have also a biophysical warming effect on
regional climate and can amplify atmospheric water
stress, while boreal peatlands can exert a growing sea-
son climate cooling effect on afternoon air temper-
atures of up to 1.7 ◦C to 2.5 ◦C. In contrast, Gao
et al (2014) report a slight cooling effect of peatland
forestation in Finland using a regional climate model.
They found differences in evapotranspiration to be
themain driver of cooling during the growing season,
but–unlike our study–their regional climate model
simulated higher evapotranspiration rates over fores-
ted areas than over peatlands.
Peatland restoration in this context has been
shown to have a substantial climate change mitig-
ation potential (Leifeld and Menichetti 2018) since
the long-term cooling effect of increased soil car-
bon sequestration exceeds the short-term warm-
ing impact of simultaneous increases in methane
emissions (Frolking and Roulet 2007, Günther et al
2020). Additionally, peatland restoration can con-
tribute to other ecosystem services such as increas-
ing biodiversity, improving water quality, and sup-
porting flood protection (Zedler and Kercher 2005).
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However, it is unclear how peatland restoration can
modify regional climates. While peatland restoration
has been shown to have the potential to cool land
surface temperature compared to surrounding agri-
cultural land (Hemes et al 2018, Worrall et al 2019),
biophysical impacts of land cover changes on surface
and air temperature can differ substantially (Winckler
et al 2019, Novick and Katul 2020).
Our study focuses on biophysical climate impacts
of boreal peatlands. However, drainage has degraded
larger peatland areas in the temperate than in the
boreal zone. Consequently, many restoration efforts
focus on temperate peatlands (Günther et al 2020).
Here, we have shown that the biophysical climate
cooling and humidifying effect ismore pronounced at
the southern limit of the boreal biome. Thus, we also
expect a substantial biophysical climate mitigation
potential for temperate peatlands. However, their
climate impacts likely differ from boreal peatlands
in many cases since temperate peatlands have often
been converted into grasslands or other agricultural
land (Günther et al 2020). In this case, climate cool-
ing effects would differ compared to effects result-
ing from forest-to-peatland conversion. Additionally,
large-scale temperate peatland restorationmay be less
feasible than large-scale boreal peatland conservation
due to widespread existing anthropogenic land use in
the temperate zone (e.g. Moore 2002, Andersen et al
2017, Günther et al 2020). With a warmer and drier
climate, climatic conditions suitable to sustain peat-
land ecosystems are likely to become rarer in the tem-
perate zone and at the southern limit of the boreal
biome (e.g. Hopple et al 2020, Helbig et al 2020)
and could jeopardise any peatland restoration efforts.
Loss of peatland area could then lead to additional
regional warming and drying through biophysical cli-
mate impacts. Preventing orminimising such positive
feedback requires efforts to limit anthropogenic influ-
ences on climate change.
In addition to drainage of peatlands for forestry,
peatlands have been degraded for horticultural pur-
poses and for oil and gas extraction (Chimner et al
2017). Compared to degraded peatlands, natural
peatland evapotranspiration has been found to be
higher (Mccarter and Price 2013) and an increase in
evapotranspiration following rewetting of a degraded
peatlandwas reported by Ketcheson and Price (2011).
Thus, similar to restoration of peatlands that were
drained for forestry, the restoration of peatlands after
peat extraction or mining activities may have a bio-
physical climate mitigation potential.
A better understanding of biophysical controls
of peatlands on climate will help quantify peatland
impacts on present and future climates in the boreal
biome, and can support land management policies
aiming atmitigating climate change. This policy input
is especially relevant given the urgent need to restore
the over 300 000 km2 of boreal and temperate peat-
lands having been mined or drained for agriculture
and forestry (Günther et al 2020) and to conserve and
protect pristine peatlands.
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